Appendix Il: Lower Willamette River Sediment Load

Analysis of Sediment Loading: Motivation

Deposition and erosion patterns predicted by numerical sediment transport models typically show high
sensitivity to sediment loading. For example, 220% changes in tributary sediment loading to the Lower
Passaic River produced changes in the range of +25-125% in predicted deposition/erosion in some parts
of that system [EPA Region 2, 2014]. Accordingly, time-dependent sediment inputs need to be specified
accurately, sediment load rating curves are often used to for this purpose, and the Lower Willamette
Group (LWG) modeling of Portland Harbor uses sediment load rating curves in Appencis La of the RI-FS
and elsewhere. Yet rating curves are typically not accurate to better than 50% on an annual average ba-
sis [Gray and Simdes, 2008; Meade et al., 1990] and may be highly inaccurate for individual events. It is,
therefore, vital to analyze available Willamette River sediment loading data to determine the best rep-
resentation of these data in the form of a rating curve, and to determine whether the LWG rating curves
provide an accurate representation of sediment input.

Available Data

No sediment load or concentration data are available at the boundaries of the lower Willamette River at
Oregon City and the mouth of the Clackamas River. Therefore, data from Portland Harbor have been
assumed in the RI-FS to be representative of inputs from the upstream boundaries. Most data sets after
1960 for the Willamette River were collected at Portland (at Morrison Street Bridge); they include the
following:

1. Daily US Geological Survey (USGS) discharge, sediment load and concentration data collected
from July 1962 to September 1964 (http://co.water.usgs.gov/sediment/seddatabase.cfm). Sand
discharge is presented graphically as a time series in Haushild et al. [1966], from which percent
sand or fines can be derived. This is the only long time series of sediment discharge available for

the system. Given the importance of sediment load hysteresis, it plays an important role in cali-
bration of the sediment load. There are 822 daily samples.

2. Multiple (two to four) samples per day during the December 1964 flood, 20 December 1964 to 2
January 1965 (the last two days have only daily samples). Discharge, concentration and (in some
cases) percent sand, silt and clay were determined, and loads calculated. These data were digit-
ized from Waananen et al. [1970]. They are highly valuable because this was the largest
Willamette River flood event of the last 60 years. Sediment load hysteresis was very prominent
in this flood, and unusually well documented by the multiple samples each collected most days
(Figure 1). Given the conditions, this was a remarkable sampling effort. There are 35 samples.

3. USGS NWIS sampling (1974 to 2014) focused primarily on water quality
(http://nwis.waterdata.usgs.gov/or/nwis/qwdata). Discharge, sediment concentration and per-
cent fines were typically measured, and discharge calculated®. Sampling is typically at monthly

! Discharge, given in tons/day, is calculated by a computer program that takes into account variability of discharge
during the day. Thus, multiplying discharge by concentration does not always yield the stated sediment load [per-
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intervals, with many exceptions, either missed samples or multiple samples per month. There
are now 509 samples. In addition, to obtain information for the February 1996 flood, 5 samples
taken at the St Johns Bridge were also included in the analysis. Unfortunately, there was no sys-
tematic sampling during this event, the second largest since 1950.
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Figure 1: Discharge, suspended sediment concentration, and total sediment load during the flood of De-
cember 1964 from Waananen et al. [1971]. Note the strong hysteresis — maximum sediment concentra-
tion and load both occur on the rising arm of the hydrograph, before the peak of the flood. This is a typi-
cal pattern for the Willamette River. Sediment loads on the falling hydrograph are much smaller.

An additional data set has been collected further landward by the City of Portland, starting in the 1990s.
In principle, these data might provide a better view of the sediment load from the Willamette and
Clackamas Rivers, because the samples at the Morrison Street Bridge are affected by the load entrained
or deposited within the system. However, these data were not available to the author, and suffer from
methodological problems, in that they are not water-column integrated samples. There are additional
data from earlier in the 20™" century, but these were either not available or considered to be of historical
interest only.

sonal communication 24 Nov 2014, D. Schoellhamer, USGS]. In principle, this methodological difference renders
this data set different from the previous two. In practice, the three can be combined.
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Preliminary examination of the data suggested that the above three data sets could be combined for
analysis. The resulting total of 1367 total load, 867 fines load and 551 sand load samples is by no means
excessive, given the complexity of the Willamette River sediment load. The number of sand samples is
less than the number of fines samples, because samples that showed 100% fines were excluded from
the sand load analysis.

Sediment Load Modeling for the Combined 1962-2014 Data Sets

Approach to sediment load modeling

The Willamette River at Portland sediment load observations exhibit two forms of complexity that make
modeling the load complicated: a) there is a strong hysteresis effect, with the load being much higher on
a rising hydrograph than a falling one (Figures 1 and 2); and b) the load vs. discharge exhibits a distinct
change in slope at a level slightly above the mean discharge (Figures 3a,b). Figures 3a,b also emphasize:
a) that the 1962-1964 and 1974-2014 data sets can reasonably be combined, despite the impacts of pos-
sible changes in land use; b) that the December 1964 data set is vital — all but one of the high-flow sam-
ples is from this event; c) that the sand load data are much more scattered than the fines or total load
data; and d) from Figure 3a, that a transformation of the data set by a flow discharge ratio R (discussed
in the next paragraph) reduces the scatter of the data by accounting for hysteresis.

Some experimentation with rating curve models was needed, given the observed hysteresis and change
in slope exhibited by the data. The suggested non-dimensional total load rating curve is:

Qe \*
st = aQfMax[{1, (_) }]Rt—Ld
Qc
R, , = —%=L Discharge ratio
Qt-1L—1

Qs¢ = Load (non — dimensional) at time t
Q; = Discharge (non — dimensional) at time t

Q¢ = Critical discharge

L = Lag, days
t = Time, days
a,b,c,d = Regression coefficients (2)

Discharge is non-dimensionalized by the long-term mean flow, 9786 m3/s, while total load is non-
dimensionalized by the median of the sediment loads for July 1962 to September 1964, 451 mtons/day
(mtons = metric tons). A non-dimensional relationship is desirable so that the units of the constants do
not vary with the exponents. This form of rating curve deals with the hysteresis effect via a lagged dis-
charge ratio, R:;. Use of a threshold Qc allows the change in slope to be accommodated within a single



regression analysis. If the low-flow and high-flow data are analyzed separately, then two problems arise:
a) there is insufficient dynamic range of flow for low flows to achieve an accurate regression, and b)
there are too few load observations to achieve an accurate regression for high flows. Therefore, a uni-
fied regression analysis that includes all samples, as performed here, is preferable.
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Figure 2: Examples of sediment load hysteresis for the Willamette River at Portland: scatter plot of non-
dimensional total load vs. non-dimensional discharge, connected in chronological order. In both cases,
the rising arm of the hydrograph shows higher load, by as much as an order of magnitude. Hysteresis
occurs whenever the flow increases sharply, for high or low flows. The February 1963 example covers 17
days, while the December 1964 example (13 days) covers the 1964 flood, the largest flow since 1950.
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Figure 3a: The total load data set plotted in two forms: at left, the load is plotted in non-dimensional
form; at right, the non-dimensional load is transformed by dividing by the hysteresis factor R; this re-
moves the effect of hysteresis from the data set. Even after this transformation, there is still a change in

slope at about the level of the mean discharge.
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Figure 3b: The fines load data at left and the sand load data at right, both non-dimensional and plotted
against non-dimensional flow. The non-dimensional loads have not been transformed, so both panels
are comparable to Figure 3a (left panel). Note the large scatter in the sand load data.

The parameters a, b, ¢, and d in (1) are determined via a robust, multiple linear regression. A robust lin-
ear regression iteratively down-weights outlying points in a regression without totally removing them
from the analysis [Leffler & Jay, 2009]. With scattered data, it achieves more accurate results and pro-
vides tighter confidence limits on model coefficients than a conventional regression. One more detail of
the regression is important: the initial weighting of the data points. High flow days with high sediment
loads are rare in a flashy river like the Willamette, and a much longer record than the 1367 available
points (equivalent to only 3.74 years of daily data) is needed to capture a representative sample of the
high flows that transport most of the sediment. This situation is dealt with by using a flexible weighting
approach that sets the weight wt[t] of the data point at time t according to:

wt[t]~Log[10,0s()]* 0<n <6 2)

The value of wt[t] has, however, a ceiling and is not allowed to exceed a chosen value of 1000-5000. The
exponent n can be set in a variety of ways, depending on the character of the data. In this case, initial
experimentation with the data suggested that the range 0 < n <6 was sufficient to provide realistic re-
gression model results. Values of n > 6 weighted high flows excessively and resulted in unrealistic re-
sults. The final value of n was chosen by performing the robust regression for values of n =0, 0.2, 0.4, ...,
6, and choosing the “best” result. Result quality was determined by the following factors: a) maximizing
the adjusted R? of the analysis; b) correctly reproducing the mean transport; and c) reducing the stand-
ard deviation and bias of analysis residuals. The lag L was determined, based on the quality of the re-
sults, for L =0, 1, and 2 days. While non-integer lags might be useful with more detailed discharge in-
formation, this was not practical with the existing (daily) USGS discharge data. The critical nondimen-
sional discharge Qc was chosen as Logi0[Qc]=0.1 after testing of Log10[Qc]=0.0, 0.1, 0.2 and 0.3. Note that
for Logi10[Qc]=0.1, Q¢ =1.259; i.e., ~126% of the mean discharge.



Results for total load modeling

Results of the regression analysis described in the previous section are shown in Figure 4. The adjusted
R? of the model is 0.985, and the residuals are well balanced between positive and negative. Clearly, the
model tracks the overall pattern of the data, but isolated large residuals remain, and relative errors can
be large for low flows. One important point in interpretation of the low-flow parts of log-log plots of
Figure 4a and b: the curve is above most of the data points, which is appropriate for an unbiased fit to
data displayed on a log-log curve. This point arises from the fact that Log[Average[{as, a2}]] > Aver-
age[Log[{a1, a>}]] for any two number a; and a,, a; # a,. Thus, a regression fit to scattered data in log-log
space will normally result in a model that under-predicts sediment load, and the under-prediction in-
creases as the scatter increases. This can be dealt with by what is called smearing corrections. Here, the
weighting used results in an unbiased load estimate without resorting to smearing corrections (Duan,
1983). The appropriateness of the model shown in Figure 4 is further tested below, by comparison with
data for the 1964 and 1996 floods. An optimal lag of L =1 day was found. This is consistent with the idea
that the total load is influenced by the supply of the material from upstream, and/or that the sediment
load moves more slowly than the flow, especially in the tidal part of the system. Table 1 summarizes
model parameters for all load models.

Table 1: Sediment Load Regression Model Parameters

Parame- | L | Logio[Qc] a b c d n
ter
Model
Total 1 0.1 0.4212+.0174 | 1.2202+.1321 | 1.4797+.1405 | 1.3178+.0362 | 5.4
load
Fines 1 0.1 0.3573+.0161 | 1.0919+.0866 | 1.5089+.1048 | 1.3845+.0736 | 4.4
load
Sand 0 0.1 -0.9373+.0442 | 0.6008+.1685 2.966+.2692 1.3600+.4082 | 1.6
load

Approach and results for fines load modeling

The multiple linear regression load model described by (1) and (2) was also applied to the fines load data
shown in Figure 3b (left panel). As before, Logi0[Qc] =0.1. Results are shown in Figure 5. The adjusted R?
of the model is 0.979. This is slightly lower than for the total load model and may reflect the smaller
number of data points. The residuals are reasonably well balanced between positive and negative, but
smaller in magnitude than for the total load. The model tracks the pattern of the data quite well, similar
to the total load. An optimal lag of L =1 day was found, as for the total load. This is consistent with the
fact that fines make up most of the load under most conditions.
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Figure 4: Total load regression model results: a) non-dimensional total load vs. non-dimensional flow,
for the data (red 1962-1964 and green 1974-2014 points) and model (blue line) from (1) and (2); b)
model predicted vs. observed non-dimensional total load with a 1:1 line (blue); c) model residuals vs.
non-dimensional flow; and d) a histogram of residuals. In a), the model line is plotted with the median
value of R (i.e., Log[R]=-0.004); thus, the data are transformed as in Figure 3b.

Approach and results for sand load modeling

The multiple linear regression model described by (1) and (2) was also applied to the sand load data
shown in Figure 3b (right panel). As before, Logio[Qc] =0.1 but L =0. Results are shown in Figure 6. The
adjusted R? of the model is 0.858. This is lower than for the total load and fines load models; this may
reflect the fact that the number of data points is much smaller than for either total load or fines load.
The residuals are smaller than for the total load, but rather skewed. The model tracks the pattern of the
data quite well for flows above the mean flow, but the observations are very scattered at low flow, and
the predictions for low flows do not drop as low as some of the observations. One reason for the scatter



at low flow levels is the fact that the sand load is determined by difference and accumulates errors. The

fact that lag L=0 worked best for the sand model is consistent with the idea that the sand load is
transport capacity limited and responds to local conditions.
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Figure 5: Fines load regression model results: a) non-dimensional fines load vs. non-dimensional flow,
for the data (red 1962-1964 and green 1974-2014 points) and model (blue line) from (1) and (2); b)
model predicted vs. observed non-dimensional fines load with a 1:1 line (blue); c) model residuals vs.
non-dimensional flow; and d) a histogram of residuals. In a), the model line is plotted with the median
value of R (i.e., Log[R]=-0.004); thus, the data are transformed as in Figure 3b.
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Figure 6: Sand load regression model results: a) non-dimensional sand load vs. non-dimensional flow, for
the data (red 1962-1964 and green 1974-2014 points) and model (blue line) from (1) and (2); b) model
predicted vs. observed non-dimensional sand load with a 1:1 line (blue); c) model residuals vs. non-
dimensional flow; and d) a histogram of residuals. In a), the model line is plotted with the median value
of R (i.e., Log[R]=-0.004); thus, the data are transformed as in Figure 3b.

Consistency of the load models

It is important that the independently derived models of the total, fines and sand loads be consistent,
i.e., that the sand and fines load sum (at least approximately) to the total load. This is verified in Figure
7. The sum of the fines plus sand loads is very close to the total load (within the confidence limits on the
total load line), except at non-dimensional flows <0.5, which corresponds to flows less than ~400m3/s. It
is also noticeable that the confidence limits on the sand load are much broader at high flows than those
for the fines and total load. Given that sand transport is transport-capacity limited, this is a reflection on
the small sand transport data set, and the fact that sand transport values were derived by difference.



Total
10007  sand+Fines
1 Fines
Sand

1007

10t

Non-dim Loads

0.011

0.1 ' 1 ' 10
Non-dim Flow
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bars are shown, based on 95% confidence limits of all parameters. The purple sand+fines load is under

the total load line for most values of flow.

Finally, comparing the error bars in Figure 7 with the scatter of the data in Figures 3a,b it appears that
the failure of models to fully capture the variability of the data is not merely a question of statistical pa-
rameter uncertainty, but a reflection of the inability of a simple model like that provided by (1) and (2)
to capture the full variability of the complex sediment load processes affecting the lower Willamette

River and Portland Harbor.

In summary, (1) and (2) provide a framework that allows consistent and reasonably accurate modeling
of Willamette River sediment load (total load, fines and sand) at Portland (Morrison Street Bridge). We
do not know, however, how closely the load at this location matches the load input to the system by the

Willamette and Clackamas Rivers.

Lower Willamette Group Sediment Load Modeling

According to LWG [2006], rating curves were developed during Phase 1 for total load and fines (or cohe-
sive) load (Figures 8a,b), with separate calibrations for high and low flows. These relationships were
used in lieu of relationships developed in Phase 2, because they appear to be more accurate. For the

total load the relationships are:
Qs =0.1742 Q%7 Q<27,000 CFS

Qs = 7.31x10° Q**% Q >27,000 CFS (3a,b)

For the fines load, the relationships are:
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Qss = 0.0987 Q-84%° Q <28,000 CFS

Qst = 7.85x10°9 Q24433 Q >28,000 CFS (4a,b)
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Figure 8a: Phase 1 total load rating curve; (Figure 2.7 in LWG [2006]). Dimensional units are used, and
the loads are in short (US) tons/day.
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Figure 8b: Phase 1 fines rating curve; (Figure 2.8 in LWG [2006]). Dimensional units are used, and the
loads are in short (US) tons/day.

These are dimensional relationships, with discharge in CFS (cubic feet per second) and sediment load in
short (US) tons. Note that the exponent for the fines load for flows <28,000 CFS is greater than the ex-
ponent for total load for Q <27,000 CFS. This creates the possibility that the fines load may exceed the
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total load for some flow levels. Note also that the R? values shown in Figures 8a,b are lower than those
in Figures 4 and 5, especially for the low-flow part of the model. There are several likely reasons why the
models are less successful. For low flows, the dynamic range of the independent variable (river dis-
charge) is only about a factor of 2 and the range of mean sediment loads is <4x, while the scatter in the
sediment load at any given flow level is as much as a factor of 9. Also, the simplicity of the model pre-
cludes consideration of hysteresis, an important factor for all flow levels. It is unclear whether smearing
corrections were made, as the text does not clarify this point.

The models of (3) and (4) were superseded in Appendix La of the RI-FS by the following relationship for
total suspended sediment concentration SedCon in mg/| (Figure 9):

SedCon=9 Q <33,000 CFS

0 1.65
) Q >33,000 CFS (5a,b)

SedCon =1.3 X (F

These relationships are equivalent to total load model (in tons/d) of:

Qs = 0.00269X9 Q Q < 33,000 CFS
1 1.65
Qs =1.3X0.00269X(F) Q%65 Q> 33,000 CFS (6a,b)

Note that these are short tons, not metric tons (mtons). The fines sediment load was then defined in
terms of the fines fraction:

FinesFraction = 0.92 Q<66,400 CFS
. N Q
FinesFraction = 1.01-0.014X(1—04) Q >66,400 CFS (7a,b)

Figure 10 compares the LWG total load models of (3a,b) and (5a,b) to the 1962 to 2014 data. It is evi-
dent that the LWG models under-predict the high-flow loads that occurred during the December 1964
flood, leading to very large negative residuals. Even without the flood period, however, the model un-
der-predicts loads, for reasons that are not clear. Similar remarks apply to the fines load model (Figure
11).

According to WLG [2006], the Phase 1 sand load was determined as the difference between the total
load predicted by (3a,b) and the fines load from (4a,b). The Appendix La sand load was also derived by
difference. It is important, therefore, to consider the consistency and accuracy of this formulation. Fig-
ure 12 shows LWG predicted sand load as the difference between total load and fines load. It is evident
that the predicted Phase 1 fines load exceeded the predicted total load for a range of N-d discharge lev-
els of ~0.6 to 0.9. leading to negative sand loads. The Appendix LA model corrects this particular prob-
lem. Nonetheless, Figures 10-12 suggest that the Appendix LA models predict loads that are too small.

In summary, the LWG load models of (3a,b) and (7a,b) do not provide a particularly good description of
the sediment load of the Willamette River at Portland (Morrison Street Bridge). Flood loads are underes-
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timated, a problem that is most acute for the fines load. The Appendix LA sand load appears to be closer
to the data, but this is because the fines load has been underestimated. If the fines load were accurate,
the sand load would be too small — this is a necessary consequence of the difference approach used for
the sand load, and the underestimation of the total load.
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Figure 9: The LWG model of suspended sediment concentration from (5a,b); from Appendix La of the
RI/FS.
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Figure 10: Comparison of the LWG Phase 1 total load model (3a,b) and Appendix La total load model
(5a,b) to the 1962-2014 data; panels are as in Figure 4, except that the observations in a) were not
transformed to remove hysteresis. Hysteresis was not removed, because the LWG model does not con-
sider hysteresis. Also, the predicted data in b) are from the Appendix La model.
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Figure 11: Comparison of the LWG Phase 1 fines load model of (4a,b) and the Appendix La model of
(5a,b) to (7a,b) to the 1962-2014 data; panels are as in Figure 10.

To understand the problems with the Appendix La load models, it is useful to examine the fine fraction
as a function of flow, using the full 1962-2014 data set (Figure 13). It is evident that the fines load does
not continue to decrease as flow increases. The likely cause of this is that the high flows in the sediment
record, and indeed most very high flows, are the result of rain-on-snow events. All of the largest events
since 1923, i.e., those in 1943, 1955, 1964, 1974, 1996, and 1997 have had this character, with 1923 be-
ing, however, a major exception. Rain-on-snow events cause very high sediment loads because the rain-
fall cannot be absorbed, and in some areas, because frost heave has loosened the soil. The Willamette
Valley has ample clayey soils to feed erosion, and clay loads are very high, particularly during the early
stages of the flood, leading to at least part of the hysteresis that is so prominent in the Willamette River.
It is an open question whether high flows and floods (like 1923) without extensive snowmelt exhibit sim-
ilar patterns. In any event, a rating curve approach like (1) and (2), rather than a fractional load model
appears to be a better approach for modeling the Willamette River fines load.
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Figure 12: Comparison of the LWG Phase 1 sand load and the Appendix La sand load model implied to
the 1962-2014 data; panels are as in Figure 10. The Phase 1 and Appendix La LWG sand load models are
the difference between the total load and the fines load. The negative sand loads predicted in Phase 1
by this approach for N-d discharge levels of ~0.6 to 0.9 cannot be plotted on the log-log plot in a).
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Figure 13: The Appendix La fines fraction relationship plotted against the available data. The highest
non-dimensional discharge plotted corresponds to the 100-year flood (~500,000 cfs or 14,200 m?/s).
Though there are few data available for flows above about 200,000 cfs or 5700 m?3/s, it is evident that
the fines fraction, variable as it is, does not decrease at high flows. It is lowest at a non-dimensional dis-
charge of ~4, which corresponds to a dimensional discharge of about 3900 m3/s. This may be a result of
the fact that the highest flows for which sediment load data are available (and most of the historic high
flows) have all been the result of rain-on-snow events that yield very high clay loads.

A Times-Series View of Willamette River Total Load

Three time periods have been selected to provide a time series view of the Willamette River sediment
load and models thereof: a) winter 1962-1963, chosen because it was a winter with several moderate
flow events, for which daily observations are available; b) the December 1964 flood, the largest such
event in the last 60 years, for which a detailed data set is available; and c) the February 1996 flood, the
second largest flood of the last 60 years, but with very few data.

Winter 1962-1963

Figure 14 shows discharge and total sediment load (observed and predicted) for the period from late
November 1962 to mid-May 1963. The load data are daily, whereas the flow has been interpreted to 6-
hr intervals, to provide a more detailed prediction of total load. The total load model from (1) and (2)
generally tracks the load, but considerably over-predicts the highest peak load in early February 1963
and somewhat over-predicts the load in May 1963. The WLG model under-predicts most peak loads ex-
cept May 1963. Both models appear to perform adequately at low flows. More specifically, the average
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of the daily observed total load is 5275 mtons/day, with a maximum of 68,700 mtons/day. The mean
and maximum predicted loads from the hysteresis model [i.e., based on (1) and (2)] are 6076 and
128,500 mtons/day, respectively. In contrast, the LWG total load model yields mean and maximum pre-
dicted loads based on (3) and (4) are 3408 and 23,450 mtons/day, respectively. The model based on (1)
and (2) overstates the load for this time period, while the LWG model severely underestimates it. Favor-
ing the hysteresis model is the point that the daily observations, probably collected as a standard time
each day, may well have missed the peak load in February 1963. Removing one day of hysteresis model
prediction at the peak of the February 1963 flood reduces the hysteresis model mean to 5430
mtons/day, very close to the correct result. Thus, almost the entire hysteresis model over-prediction for
the period comes from this one day, emphasizing the difficulties in correctly modeling load. Nonethe-
less, it is apparent from this exercise that both total sediment load models yield inaccurate results even
when averaged over almost half a year, and may give erroneous results for specific events.

Winter 1962—1963

" 05t 150,
S 2
- Discharge S
- E
S Pred Load E
80.251 125 5
3 S
a —

335 0 30 60 90 120
Year-day, 1962 and 1963

Figure 14: Observed and predicted total loads for the period from late November 1962 to mid-May
1963. See text for details.

The December 1964 flood

The December 1964 Willamette River flood was the largest of the last 60 years, though there were nine
larger floods between 1861 and 1945. The sediment load for this event is also well documented. Thus, it
is appropriate to examine model predictions for this period. Figures 15 and 16 show, respectively, the
total load, and the fine and sand loads, for a 21-day period in December 1964 to January 1965. Figure 13
shows the total load observations plus daily and 6-hr model predictions. The LWG predictions of total
load underestimate the peak load by a factor of ~4x. Moreover, the LWG total load is not delivered at
the correct time, either in the daily or 6-hr predictions. This is because the LWG model does not account
for hysteresis. The hysteresis-model 6 hr predictions of total load are accurately timed and represent the
load for most of the event quite well. The peak total load is over-estimated, however, by about 10-12%.
Significantly, the hysteresis model daily load predictions underestimate the peak and do not capture its
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timing correctly. Thus, it is important during flood events to update the rapidly changing discharge and
sediment load more often than daily.
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Figure 15: Observed and predicted total loads for the period of the December 1964 flood. See text for
details. Note that the load is presented in 10° mtons/day instead of 10® mtons/day, as used in Figure 12.

The dashed prediction lines correspond to daily predicted loads, while the solid prediction lines repre-
sent 6-hr predictions. Observations appear as dots.
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Figure 16: Observed and predicted fine and sand loads for the period of the December 1964 flood,

based on 6-hr predictions. See text for details. The load is presented in 10°® mtons/day but the vertical
axis is different from Figure 15. Observations appear as dots.

19



There are only four observations of fine/sand load during the flood period. The hysteresis model repre-
sents the timing and volume of the fines load fairly well. The timing of the sand load predicted by the
the hysteresis model is correct, but the volume is overstated by a factor of about two. The LWG model
under-estimates the peak sand and fines discharge and timing of both the fine and sand transports are
wrong; the peaks in both are too late and too small. That the hysteresis model correctly predicts the
fines load but overestimates sand load emphasizes both the difficulty in modeling sand load and the sta-
tistical difficulties in measuring sand load indirectly, as the difference between the total and fines loads.

An overall impression of model performance is provided by estimation of the total load for the Decem-
ber 1964 flood period. USGS estimates that the sum of the daily total sediment loads for 21 to 31 De-
cember 1964 was 5.94 x 10® mtons [Waananen et al., 1970], an average of 541.6 x 10° mtons/day over
11 days. The hysteresis model estimates 5.56 x 10°® mtons total load for the 11-day period, or 505.5 x
10% mtons/day, 93.3% of the USGS estimate. The LWG total load model estimates a total load for the
period of 2.46 x 10° mtons, an average of 223.5 x 10% mtons/day, 41.3% of the USGS estimated total
load. On the basis of this analysis, it seems safe to conclude that the LWG models substantially underes-
timate sediment loads during flood periods.

The February 1996 flood

The flood of February 1996 was the second largest flood event of the last 60 years, but few data were
collected during this event (Figure 17). As with the 1964 flood, the hysteresis models predict substantial-
ly higher transports than the LWG models, and it is more consistent with the data. Little effect of hyste-
resis is seen, but this may be an artifact — were 6-hr discharge data available, then hysteresis effects
might be seen. Again, it appears to be important to represent the sediment input and river flow at inter-
vals shorter than one day, and the LWG models under-predict sediment loading to Portland Harbor. Fi-
nally, the peak discharge in 1996 was likely larger than the 11,890 m3/s daily average value for 9 Febru-
ary 1996, but it is unclear whether it was as large as the peak discharge in 1964, 12,540 m?3/s.

Annual Average Sediment Loads

Annual average total sediment loads for the 1962-2013 period are shown in Figure 182. The annual aver-
age total load over the period from the hysteresis model is 1.85 X 10° mtons; that from the Appendix LA
model is 1.11 X 10° mtons. It appears likely that the LWG model in Appendix La considerably underesti-
mates the actual total load. These loads must be correct, or SEDZL) and QEAFATE predictions will be in-
correct.

2 The loads here are in mtons, not short tons; the values in short tons would be about 10% higher. Also, the year-
to-year variations shown in Figure 18 do not exactly track those in Figure 2-57 of Appendix La for reasons that are
not clear. Part of the difference probably stems from the fact that loads are compiled here by water year rather
than calendar year. The water year begins 1 October. Thus, water-year 1964 began 1 October 1963.
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Figure 17: The observed and modeled total and fine loads for the 1996 flood. As in Figures 15 and 16, a
~21 day period is modeled. Observations are scant, and the predictions are based on daily data, because
6-hr discharge data are not available. The load is presented in 10° mtons/day. The fines and total load
observations were collected at the same time, but the fines load data have been offset slightly in time
for clarity.
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Figure 18: Annual average Willamette River total loads for water-years 1964 to 2013, based on the hys-
teresis model of (1) and (2) and the Appendix La model. The water-year begins 1 October.
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Discussion
The above analysis of lower Willamette River sediment load suggests several issues:

Load model exponents: Sediment load typically increases with a power of discharge greater than 1. For

high flow levels, the effective exponent in the hysteresis model represented by (1) is the sum of parame-
ters b + c. This is 2.7 for the total load, 2.6 for fines load, and 3.57 for sand load. That the sand load has a
higher exponent is typical. For comparison, the total load and fines load exponents in the WLG models
are 2.65 for high flows for the total load, but the fines load does not increase nearly as rapidly at high
flows, due to the percent fines formulation. That the exponent in the WLG total load model is lower
probably reflects the lack of flood-event data used for calibration.

Use of a transport threshold Qc: While a critical discharge Qc is useful in representing the lower

Willamette River sediment load, the meaning of Qc is unclear. There are several possibilities; it might
represent: a) sediment supply effects on the fine load that typically come into play at this discharge ei-
ther from the mainstem or tributaries below Oregon City; b) a local increase in erosion of the bed at this
discharge; c) the discharge at which the reaches above the Morrison Street Bridge change from being
net deposition to net erosional; or d) the effects of the impoundment at Willamette Falls in Oregon City.
These possibilities are not mutually exclusive, and more than one may be involved. Figure 2.6 of LWG
[2006] suggests, however, that this change of slope persists at least as far landward as RM-17, rendering
c) less likely.

Sediment load hysteresis: Hysteresis is quite prominent in the lower Willamette River sediment load. It

presumable derives in part from supply limitation on fines input. Because rain-on-snow-events account
for most Willamette River floods, it may also be related to snow melt.

Variability of the sediment load: The discharge and sediment load patterns during the 1964 flood strong-

ly suggest that a single daily value does not adequately represent discharge or the sediment load esti-
mated from the discharge. The peak discharge of 12,545 m3/s on 25 December was more than 300 m3/s
greater than the daily average discharge for the day (12,233 m?/s). Also, discharge increased from 2719
to 7787 m3/s in a 24 hr period on 22-23 December. This caused an order of magnitude increase in in-
stantaneous load.

The role of flood events: Large floods during the 1860 to 1920 period are thought to have had a major

impact on evolution of the Willamette River channel above Oregon City [Wallick et al., 2007]. Little
thought has been given to the importance of such events in Portland Harbor — are the configuration of
the system and the contaminant distribution driven primarily by the annual flow cycle or by much less
frequent, but very large events? The answer to this question (which is not known) has major implica-
tions for modeling strategy, because: a) it governs what sort of events should be simulated, and b) it has
implications for evaluating model results — should all size classes be mobile at some times, or are some
sediments not the product of modern processes?

Change in load properties: Several impoundments have gone online in the Willamette River Basin since
the 1962 to 1964 data set was collected. There are no obvious differences between the 1962-1964 and
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the post 1974 data sets, but we do not know whether load characteristics have changed over time, due
either to impoundments or changes in land use.

The importance of reservoirs in the system: The reservoir capacity of the Willamette is <30% of the an-

nual average. Both the 1964 and 1996 flood discharge maxima were considerably reduced by reservoir
storage, which presumably also reduced sediment input. Both were also rain-on-snow events. A longer
sequence of events, such as occurred in December 1922 to January 1923, could overwhelm the reservoir
system, leading to a flood of a magnitude that has not occurred since the 19" century, despite the res-
ervoir system. The 1922-1923 event is also noteworthy for the fact that snowmelt played a relatively
small role in the flooding — the snowpack that had accumulated was gone well before the peak in the
flow [Brands, 1947].

The foregoing discussion suggests that there are important unknowns in terms of process understand-
ing, and critical weaknesses in representation of the sediment load at the upstream boundary of Port-
land Harbor. Providing adequate estimates of sediment load for modeling purposes will likely require
both improved conceptual understanding of factors governing the load and better analytical tools for
prediction of sediment loads.

The importance of the clay load: the table reproduced in Figure 19 from Waananen et al. [1970] empha-
sizes how large the clay load is during rain-on-snow events. Note that clays range from 33 to 61% of the
total load, increasing as the flows decrease. Silts peak on the rising arm of the flood with the hysteresis
and decrease thereafter. Sands peak just after the peak flow. This strongly suggests that clays need to
represented as a size or settling class in numerical modeling, and that the sands, silts and clays loads all

need to be defined separately, based on new observations.

Instanteneous suspended sediment and particle size, 1964-65
- — .

N N Specli- Suspe::\.dud gediment
fic -
- . Percent in pize class
Date of Hour ‘:::lgr cgii e m:f,ﬁ_ﬁ " | coneen- ! indicated, in millimeters
collection (°F) |(ets) | (micro- | tration | Tons per Clay Silt | Sand
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a Total sediment load.

Figure 19: Willamette River sediment load characteristics from samples collected at the Morrison Street
Bridge during the December 1964 flood; from Waananen et al. [1970].

Summary and Conclusions

Correct representation of sediment input to Portland Harbor is vital to accurate modeling of erosion and
deposition in the system and to the fate and transport of contaminants. It is important to represent not
only the mean inputs of fines and total load, but also the timing — flood events will typically exhibit a
sequence of erosion followed by deposition, and the depth of erosion is critical to contaminant
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transport. If the sediment input is incorrect in timing or amount, then the sequence of events during a
flood cannot be accurately modeled. Moreover, if sediment input is incorrectly estimated, as appears to
be the case with the WLG models represented by (3) to (7), the sediment transport representation will
likely have to be adjusted in unrealistic ways in order to avoid very unrealistic deposition and erosion
patterns.

There are at least five difficulties in modeling lower Willamette River sediment load: a) the strong hyste-
resis of the load; b) the change in slope of the rating at a discharge of about 125% of the mean flow; c)
the only daily data (1962-1964) are now 50 years old and may not represent present conditions; d) the
sand silt and clay loads all need to be modeled separately because they behave differently, but data are
not available to accomplish this; and e) the USGS load data were not collected at the upstream bounda-
ry of Portland Harbor and do not actually represent sediment input at the boundary of the system. The
first two difficulties can be adequately dealt with in a load model like (1) and (2), but the last three re-
quire collection of new data. Further, the simple WLG models of (3) to (7) do not adequately represent
the sediment load observations for the Willamette River at Portland. They underestimate mean load and
strongly underestimate flood loads, while also incorrectly representing the timing of the load during
flood events. The hysteresis model based on (1) and (2) has a modest tendency to overestimate the
mean load and may strongly overestimate loads during small floods, though it reproduced the total and
fines loads of the very large 1964 flood quite well. Importantly, it correctly times the peak sediment in-
put, during the rising hydrograph. On the whole, it is considerably better (as well as more complex) than
the WLG models.

From the forgoing, it should not be inferred that the hysteresis model is correct or authoritative. On the
contrary — while it is both more effective than, and in considerably disagreement with, the WLG models,
it remains a simplistic and imperfect tool. As noted by Meade et al. [1990] rating curve models of sedi-
ment load are at best approximate tools that are often incorrect. The best that can be said from the dis-
agreement of these two approaches to estimating the sediment load is that sediment inputs to Portland
Harbor remain poorly understood and poorly modeled. There are three steps that should be taken to
improve this situation:

1. Sediment load should be determined on a continuous basis by multiple fixed instruments (at
several depths) at a cross-section near the upstream boundary of Portland Harbor (not the
Morrison Street Bridge) for several years, to capture a wide range of conditions. Given that
fines predominate in the load, turbidity time series should provide good estimates of sedi-
ment load; cf. USGS [2009]. For calibration, the present NWIS-style monthly sampling would
need to be augmented by multiple samples during major flood periods. Given that the clay
load is prominent, at least during floods, a more refined analysis of sediment load sizing
than sand vs. fines is needed, and numerous size samples will be needed to calibrate the
turbidity.

2. The Lower Willamette River sediment load needs to be examined on a seasonal basis, to de-
termine whether how hysteresis effects vary seasonally. This exercise can be begun with the
existing data set and would help provide a more mechanistic understanding of Portland
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Harbor sediment loading.

3. A watershed modeling approach to estimating sediment input should be developed. While
such a model would need to be calibrated, there are now many approaches to this sort of
modeling [Borah et al., 2008].

In conclusion, sediment load modeling is a major weakness in the LWG Portland Harbor Superfund site
modeling efforts. Loads are not correctly represented by the rating curves employed, with consequenc-
es for numerical model accuracy that should be assessed, but have not been.
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